The conversion of phenols to phenoxyl radicals plays a vital role in a number of biological systems. Photosystem II is the most prominent example, [1] [2] [3] [4] but evidence exists that similar processes are involved in the function of several other biochemical 15 systems. 5 The oxidative chemistry of phenols has also other potential biological application, notably their antioxidant properties. [6] [7] [8] Additionally, oxidative dehydrodimerization of phenols is an important class of reactions, being involved in the first stages of natural processes such as lignin formation.
9-10 Last 20 but not least, phenol oxidation has important synthetic applications. 11 In many cases, 1-5 the phenoxyl radicals in biology are derived via oxidation of an active site tyrosine residue by a transition metal-oxo species. Thus, uncovering the mechanisms of metal-oxo mediated phenol oxidation is of interest from both 25 fundamental viewpoints and the great relevance of these reactions to numerous natural and synthetic processes. The formation of a phenoxyl radical from a neutral phenol can occur via direct hydrogen atom transfer (HAT) or via a 30 proton-coupled electron transfer (PCET) (Scheme 1) process. For the HAT and PCET mechanisms, homolytic O-H bond cleavage constitutes the rate-determining step of the reaction. In the HAT mechanism, the proton and electron of the H· radical both come from the same orbital. Conversely, proton and electron transfers 35 are both rate determining for the PCET process, but occur from different orbitals in a concerted mechanism. 12 Alternatively the proton and electron transfers can be uncoupled (PT-ET) with either proton transfer (PT) or the electron transfer (ET) being the rate determining step (Scheme 1 
. Unlike typical homodinuclear bis(µ-oxo) complexes, this species contains nucleophilic oxo groups that can carry out deformylation of aldehydes. 17 We initiated the present study to investigate whether the PCET mechanism 5 established for phenol oxidation by homodinuclear Cu 2 O 2 cores having electrophilic oxo groups also persists for the Cu(µ-O) 2 Ni core of 1, which has nucleophilic oxo groups. We report a systematic study of the oxidation of neutral phenols by 1 and provide deeper insights in the O-H bond activation mechanism 10 towards substituted phenols by applying the Brønsted/Tafel analogy published by Ram and Hupp 18 for electron transfer processes. A similar strategy has been previously utilized for studying the mechanism of electro-catalytic oxidation of guanidine 19 and phenol oxidation by dicopper-dioxygen Treatment of a preformed solution of 1 with excess 2,4-di-tertbutylphenol led to pseudo-first order decay of the characteristic absorption feature of 1 at 895 nm ( Figure 1A ). The rate constant 30 increases proportionally with the substrate concentration ( Figure  1B) , affording a second-order rate constant, k 2 , of 2.55 M -1 s -1 at -90 °C. These kinetic behaviors indicate that the reaction between 2,4-di-tert-butylphenol and 1 is a simple bimolecular process. Analysis of the reaction mixture shows the formation of the C-C 35 coupling dimer 2,2′,4,4′-tetra-tert-butyl-6,6′-biphenol in 45% yield based on 2,4-di-tert-butylphenol. Thus 1 acts as a twoelectron oxidant in its reaction with 2,4-di-tert-butylphenol to produce two equivalents of the corresponding phenoxyl radical at -90 °C that spontaneously dimerizes to give the C-C coupling 40 product (Scheme 2). 21 In support of this mechanism, the X-band EPR spectrum of a reaction mixture of 1 and 2,4,6-tri-tertbutylphenol shows a characteristic S=1/2 signal for a phenoxyl radical. Spin quantification studies demonstrate the formation of the radical in 95% yield based on 2,4,6-tri-tert-butylphenol. The 45 second-order rate constants (k 2 ) for the oxidation of several substituted phenols by 1 ( Figure S1 ) were determined in a similar fashion at temperatures ranging from -50 to -90 °C, and are listed in Table 1 Information for details) . Reaction of complex 1 with 4-Br-2,6-DTBP is very slow, and hence, no kinetic measurements could be performed. 60 The k 2 values (Table 1) obtained for the reaction of 1 with different 4-substituted phenols (ArOH) were found to be dependent on the E ox values of the phenols; in general, k 2 increased with decreasing E ox for all investigated phenols with the exception of 2,4-di-tert-butyl phenol. Plots of (RT/F)lnk 2 versus 65 E ox afford a good linear correlation with a slope of -0.81±0.05 ( Figure 2A) ; the corresponding value for 2,4-di-tert-butyl phenol is again significantly below the trend line, which may be suggestive of a change in mechanism for this substrate. If electron transfer from phenols to 1 is rate-determining, and is 70 followed by fast proton transfer, then according to Ram and Hupp 18 the slope of the (RT/F)lnk 2 versus E ox plot should be -0.5, as one would expect from Marcus theory 22 for a pure electron transfer reaction. On the other hand, if proton transfer is rate determining and the electron transfer is in equilibrium then the 75 slope should be -1.0. If the rates of electron transfer and proton transfer are comparable and thereby coupled to each other (PCET mechanism), a value between -0.5 and -1.0 would be obtained. 15, 18, 19 In contrast, the k 2 values for a HAT mechanism are expected to be constant irrespective of the E ox values, as has been reported previously for the HAT reactions with N,Ndimethylanilines 23 and for the oxidation of phenols by cumylperoxyl radical. 15 The slope of -0.81 in Figure 2A therefore 5 establishes a PCET mechanism for the oxidation of all investigated phenols by 1 except 2,4-di-tert-butylphenol, for which a different mechanism may be involved. Figure S4 ) at -90 °C 15 was determined for 4-phenoxyphenol, indicating that proton transfer is involved in the rate determining step. This value is smaller than the KIE values obtained for most metal-oxo mediated HAT reactions (3 -25) . 13, 14, 24 It is nearly the same as the KIE reported for the PCET reaction of guanidine with 20 Ru(bpy) 3 3+ , 19 as well as those of 4-substituted phenols and dicopper-dioxygen complexes. 15 Interestingly, 2,4-di-tertbutylphenol exhibited a significantly larger KIE of 4.72 ( Figure  1B) , which is in the typical range for a HAT process. The KIE values determined for the oxidations of 4-phenoxyphenol and 25 2,4-di-tert-butylphenol by 1 may, therefore, point to the involvement of a PCET mechanism for 4-phenoxyphenol and a HAT mechanism for 2,4-di-tert-butylphenol, which would be also consistent with the (RT/F)lnk 2 versus E ox plot shown in Figure 2A . 30 Karlin et al. 25 have previously reported that the electronic structure of the dicopper-dioxygen cores supported by the R AN (MeAN for R = CH 3 ; and AN for R = H) ligands is strongly dependent on the substitution pattern of the ligand. While the (AN)Cu III core similar to 1 (Scheme 2). Thus, unlike homodinuclear dicopper-dioxygen 50 chemistry, 25 where MeAN stabilized a µ-peroxo core, and AN stabilized a bis (µ-oxo) core, both of the MeAN and AN ligands lead to formation of a heterodinuclear Cu-Ni bis (µ-oxo) complex.
The reactivity of 2 was also investigated with various 4-55 substituted phenols and the second-order rate constants (Table 1 , Figure S7 ) were compared with those obtained for 1. A plot of (RT/F)lnk 2 versus E ox for the reaction of 2 affords a good linear correlation with a slope of -0.61±0.03 ( Figure 2B ), which supports a PCET mechanism for the oxidation of phenols. In 
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